. Juvenile salmonid populations in a temperate river system track synoptic trends in climate. Global Change Biology, Wiley, 2010, 16 (12) Widespread decline among Atlantic salmon (Salmo salar) and brown trout (Salmo trutta) over recent decades have been linked to pollution, exploitation and catchment modification, but climate change is increasingly implicated. We used long-term, geographically extensive data from the Welsh River Wye, formerly a major salmon river, to examine whether climatically-mediated effects on juveniles (> 0+) might contribute to population change.
Juvenile salmonid populations in a temperate river system track synoptic trends in climate
Widespread decline among Atlantic salmon (Salmo salar) and brown trout (Salmo trutta) over recent decades have been linked to pollution, exploitation and catchment modification, but climate change is increasingly implicated. We used long-term, geographically extensive data from the Welsh River Wye, formerly a major salmon river, to examine whether climatically-mediated effects on juveniles (> 0+) might contribute to population change.
Populations of Atlantic salmon and brown trout fell across the Wye catchment respectively by 50% and 67% between 1985 and 2004, but could not be explained by pollution because water quality improved during this time.
Stream temperatures, estimated from calibrations against weekly air temperature at 8 sites, increased by 0.5-0.7 °C in summer and 0.7-1.0 °C in winter, with larger tributaries warming more than shaded headwaters. Rates of winter warming were slightly greater after accounting for the effect of the North Atlantic Oscillation (1.1-1.4 °C). However, warming through time was smaller than measured variations among tributaries, and alone was insufficient to explain variations in salmonid density. Instead, population variations were best explained in multi-level mixed models by a synoptic variate representing a trend towards hotter, drier summers, implying interactions between climate warming, varying discharge and fluctuatations in both brown trout and salmon. Taken alongside recent data showing effects of warming on survival at sea, these data suggest that Atlantic salmon might be jeopardised by future climatic effects in both their marine and freshwater stages. Effects on non-diadromous brown trout also imply climatically mediated processes in freshwaters or their catchments. Climate projections for the UK suggest that altered summer flow and increasing summer temperatures could exacerbate losses further in these species, and we advocate management actions that combine reduced abstraction with enhanced riparian shading F o r R e v i e w O n l y
Stream temperatures, estimated from calibrations against weekly air temperature at 8 23 sites, increased by 0.5-0.7 °C in summer and 0.7-1.0 °C in winter, with larger tributaries 24 warming more than shaded headwaters. Rates of winter warming were slightly greater 25 after accounting for the effect of the North Atlantic Oscillation (1.1-1.4 °C). However, 26 warming through time was smaller than measured variations among tributaries, and alone 27 was insufficient to explain variations in salmonid density. Instead, population variations 28 were best explained in multi-level mixed models by a synoptic variate representing a 29 trend towards hotter, drier summers, implying interactions between climate warming, 30 varying discharge and fluctuations in both brown trout and salmon. 31
Taken alongside recent data showing effects of warming on survival at sea, these data 32 suggest that Atlantic salmon might be jeopardised by future climatic effects in both their 33 Wales, western Britain, provides a particularly important case study that allows an 96 evaluation of trends in both these species. Here, brown trout are non-anadromous, unlike 97 some other UK rivers where this species has sea-run components, thus enabling a contrast 98 with migratory salmon (Edwards and Brooker, 1982) . The Wye was traditionally one of 99 the best salmon angling rivers in the UK, so that long-term and wide scale data on 100 juvenile populations are available (Gee, Milner and Hemworth 1978a,b) . However, in 101 recent decades, there have been marked declines in stocks of Atlantic salmon and brown 102 trout (Gee and Milner, 1980; Gough et al., 1992 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  R  e  v  i  e  w  O  n  l  y Global Change Biology GCB-09-0020 revised 8 fishing pass (Q) against the first fishing pass count (SQ) according to the methods 155 outlined by Strange et al. (1989) , by which the quantitative density of juvenile salmon = 156 2.13 + 1.41 Semi-quantitative density ± 0.065 error (R-Sq = 82.5% 5.4standard error) 157 while the quantitative density of juvenile trout = 0.703 + 1.35 Semi-quantitative density ± 158 0.048 error (R-Sq = 88.6%). 159
The majority of rivers were electrofished once each year, but some were sampled more 160 than once or had multiple sample sites. In these cases, a mean annual density was 161 calculated for each reach (see Appendix 1 for the frequency of sampling within each 162 river). Densities were log transformed to achieve normality and homogenise variances. 
Water chemistry 170
Data on chemical quality, analysed by standard methods, were obtained from the 171 Environment Agency Water Management Information System (WMIS) database (SCA, 172 1978 (SCA, 172 , 1979 (SCA, 172 , 1981 (SCA, 172 , 1988 . Ammoniacal nitrogen (mg/l), dissolved oxygen (mg/l), 173
Biological Oxygen Demand (BOD [ATU]) (mg/l) and pH were monitored monthly 174 throughout all years of the study except for 1993. The total concentration of ammonium 175 salts (NH4+) and free ammonia (NH3) was determined form the reaction of ammonia 176
Page 9 of 45 Global Change Biology   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 instance. This enables analysis of continuous and relatively short time series data, such as 254 our 19 year salmonid population data. We used a two-level design, whereby observations 255 were clustered within rivers in a 'random intercept' model that accounted for the 256 autocorrelated nature of the repeated observations within rivers (Twisk, 2006) . A random 257 intercept regression model that included a random slope improved the (log likelihood) fit 258 of the model (Twisk, 2006) . The correlation between the random intercept and random 259 slope was used to indicate whether rivers with high or low densities of salmonids were 260 more or less susceptible to population decline. A negative correlation would indicate that 261 rivers with a higher density of salmonids had a low slope, or less dramatic decline 262 assuming a negative relationship between density and time. 263
Spearman's correlation coefficients (r s ) were calculated between water quality, climate 264 and year. We then used Principal Components Analysis (PCA) separately on the 265 correlation matrices of climatic and water quality variables, respectively for summer and 266 winter, to derive variates describing trends in environmental variation through time. 267 Global Change Biology GCB-09-0020 revised
13
To assess which synoptic environmental variates from PCA best explained trends in the 268 density of juvenile salmonid populations through time, we again used multi-level linear 269 regression. A two-level design, similar to that described for the assessment of the effects 270 of time on density, was adopted whereby observations were clustered within rivers in a 271
'random intercept' model that accounted for the autocorrelated nature of the repeated 272 observations within rivers (Twisk, 2006) . The fixed effects of each of the climatic 273 variables on salmonids density were therefore established after using random coefficients 274
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